We study mixtures of star polymers and linear chains in good solvent conditions. We consider the effect of the addition of small chains on the equilibrium structure as well as on the phase behavior of low-and intermediate-functionality star solutions. By using a recently introduced effective cross interaction between stars and chains ͓C. Mayer and C. N. Likos, Macromolecules 40, 1196 ͑2007͔͒, we solve the two-component Ornstein-Zernike equation, finding evidence for cluster formation, which is accompanied by a spinodal instability at moderate chain concentrations. The binodal lines are numerically calculated and the dependence of the observed phenomena on functionality, size, and concentrations is rationalized by considering the attractive contribution, which is displayed by the effective, chain-modified star-star interaction potential.
I. INTRODUCTION
Soft matter systems are generally composed by mesoscopic entities with supramolecular architectures and are largely susceptible to external influences. This characteristic allows us to tune the interactions between the different components of the system, enriching the panorama of observable phase phenomena as well as the spectrum of possibilities to take control over them. In order to gain some insights into the understanding of trends in the phase behavior of such systems, we may take advantage of coarse-graining procedures which lead to effective interactions between the mesoscopic components once the microscopic degrees of freedom have been adequately traced out. 1 By following this strategy, most of the physics of colloidal-polymer mixtures can be captured by the depletion mechanism.
2-12 If a colloidal particle is brought into a nonadsorbing solution of polymers, the latter are depleted in a zone around the colloidal surfaces due to the colloidalpolymer repulsion. The spatial extension of this zone is of the order of the radius of gyration of the polymers. If two colloidal particles are close enough, the two depletion zones overlap, resulting in an effective attraction between them, which can be seen as stemming from an unbalanced osmotic pressure exerted on the colloidal particles by the surrounding polymers. Because the range of the interaction can be tuned, a variety of phase diagrams can be realized. 11 A new range of possibilities emerges when the hard colloids are replaced by soft ones. Star polymer ͑SP͒ suspensions have developed to be as well characterized, tunable, and highly versatile model of soft colloidal systems that do display very rich equilibrium and dynamical behavior. 9, 13 SPs are complex macromolecules consisting of f polymeric chains ͑arms͒ chemically anchored to a common core. An interesting aspect of SP is that, depending on their functionality f they constitute intermediate entities between linear polymers ͑f =1,2͒ and sterically stabilized colloids ͑f ӷ 1͒. When the core size is small compared to the length of the chains, the effective interaction V ss ͑r͒ between two stars immersed in a good solvent shows a logarithmic dependence on their center-to-center separation for small distances and it crosses over to a Yukawa form for larger ones. 13 The phase diagram of SP solutions has special characteristics originating from the ultrasoft nature of their repulsive interaction; 13 for example, it exhibits a critical functionality ͑f c Ӎ 34͒ below which the system remains fluid at any concentration, whereas for f Ͼ f c the phase diagram exhibits several unusual solid lattices as well as re-entrant melting as the density of the system increases.
14 If an attractive potential is superimposed to V ss ͑r͒, so as the total resulting potential features the original, logarithmic repulsion for short distances, the system shows a variety of structurally distinct states. By tuning both the amplitude and the range of the attractive contribution, evidence was found for cluster formation, fluid-fluid separation, fluid-solid transitions, as well as formation of a repulsive glass in SP solutions with intermediate functionality ͑f Ӎ 32͒. [15] [16] [17] From the physical point of view, several mechanisms bringing about an attractive contribution to the star-star interaction potential can be suggested. As previously mentioned, one possibility is the introduction of one smaller component to the system, in this case homopolymer chains. In that case, the attraction develops as a consequence of the depletion-like forces, whose properties can be influenced by modifying the size and the concentration of chains. In order to make progress in the description of the effects of the polymer chains on the phase behavior of SP solutions, in this work we employ the coarse-grained effective interaction between all composing entities of the mixture, ͑i.e., star-star, chain-chain, and star-chain interactions͒ as input for the two- component Ornstein-Zernike ͑OZ͒ equation, whose solution provides a good description of the structural properties of the mixture.
The rest of this article is organized as follows: In Sec. II the coarse-graining procedure is described and the full twocomponent description of the mixture is presented. In Sec. III the methods employed to determine the structure and thermodynamics of the system are briefly explained. The central part of this work is presented in Sec. IV, where the numerical results for the coexistence lines are displayed. Finally, in Sec. V we summarize and draw our conclusions.
II. COARSE-GRAINED MODEL OF THE MIXTURE
We employ a coarse-graining description of the starchain mixture by taking advantage of the effective interaction potential between both components once adequate effective coordinates have been chosen and all the internal degrees of freedom of the macromolecules are integrated out. 9, 18 We suppose both components to be suspended in a good quality solvent, so that the interactions between the same are steric in origin and therefore the effective interactions scale linearly with the thermal energy k B T, where k B is the Boltzmann constant and T the absolute temperature.
For SPs the position of the central core ͑on which the arms are anchored͒ is the natural effective coordinate. The corresponding effective interaction for high enough functionality ͑f Ͼ 10͒ was derived a long time ago by using the blob model of Daoud and Cotton 19, 20 and its validity has been widely documented both theoretically and experimentally. 13 It can be expressed as
where f and s are, respectively, the functionality and the corona diameter of the stars and ␤ = ͑k B T͒ −1 . The quantity s / 2 defines the distance from the center to the outermost of the star according to the Daoud-Cotton model; it marks the crossover between the inner part of the macromolecule ͑un-swollen region͒, which resembles a semidilute polymer solution, and the outer part, in which loose chains form a local, dilute solution. 13 Extensive comparisons with simulation data have set this scale to s Ӎ 1.3R g ͑s͒ , where R g ͑s͒ is the radius of gyration of the star. 21 Although there exist several adequate choices for the effective coordinate of the linear chains, 9, [22] [23] [24] by choosing the position of the central monomer of the chain we can establish a certain symmetry between multiarm SPs and linear chains. In this sense, the linear chain can be considered as a SP with f = 2 whose arms are anchored to the central monomer. In this representation, the effective interaction between two linear chains, whose central monomers are a distance r apart, is given by 25 In order to have a complete description of the system, we still need to specify the coarse-grained cross interaction between stars and chains. This task has been recently accomplished by using scaling arguments as well as monomerresolved molecular dynamics ͑MD͒ simulations. 18 According to the scaling analysis and similarly to Eqs. ͑1͒ and ͑2͒, a logarithmic interaction is obtained for star-chain separations r up to sc = ͑ s + c ͒ / 2, i.e., the cross diameter for the logarithmic interaction is additive. For larger separations between the star center and the central monomer of the chain, a Florylike approach was used in which the interaction potential is estimated by the overlap integral between the undisturbed monomer density profiles s,c ͑r͒ of the two interacting objects. In this way the effective cross potential reads as
where
and v 0 is an excluded volume parameter. The constants K and v 0 are estimated by requiring that both V sc ͑r͒ and its first derivative are continuous functions at r = sc . The density profiles can be evaluated on the basis of the blob model of Daoud and Cotton, resulting in 18, 25 i ͑r͒
with A i a normalization constant and
The parameter i is set by i i = 1.27 in order to fit the theoretical profile, Eq. ͑4͒, to the MD simulation results. We emphasize that the general scheme used to evaluate V sc ͑r͒ is consistent for arbitrary functionality f and size ratio = c / s independently of the degree of polymerization of the star and the chain; the only dependence on them comes implicitly through s and c .
III. BULK STRUCTURE AND PHASE DIAGRAM

A. Fluid structure
The structural information of the mixture was gained by solving the two-component OZ equations with the help of the Rogers-Young ͑RY͒ closure, which has been shown to be reliable for one-component SP solutions as well as for mixtures of SP and hard-sphere colloids.
14 Briefly, for a -component mixture with partial densities i of the i-th species, the fluid pair structure is fully described by solving ͑ +1͒ / 2 coupled OZ equations connecting the total correlation functions h ij ͑r͒ with the direct correlation functions c ij ͑r͒, i , j =1, ... ,. In Fourier space the OZ relations read as
with matrix elements ͓Ĥ ͑k͔͒ ij = ĥ ij ͑k͒, ͓Ĉ ͑k͔͒ ij = ĉ ij ͑k͒, and
Here, ĥ ij ͑k͒ and ĉ ij ͑k͒ denote, respectively, the Fourier transform of the pair correlation function h ij ͑r͒ and the direct correlation function c ij ͑r͒.
In order to have a complete solution of Eq. ͑5͒, it is necessary to provide ͑ +1͒ additional closure equations between the total and the direct correlation functions. Particularly, the RY closure to a multicomponent system is given by
where g ij ͑r͒ϵh ij ͑r͒ +1, ij ͑r͒ = h ij ͑r͒ − c ij ͑r͒, and v ij ͑r͒ are the pair interaction between species i and j ͑i , j = s , c for stars and chains, respectively͒. The auxiliary mixing function f͑r͒ =1−exp͓−␣r͔ is introduced to enforce thermodynamic consistency of the total isothermal compressibility by matching the value of the parameter ␣. 27 We determined the pair correlation functions of the starchain mixtures by calculating the three static structure factors S ij ͑k͒ = ␦ ij + ͱ i j ĥ ij ͑k͒ once we had numerically solved the OZ-RY equations, Eqs. ͑5͒ and ͑6͒, through an iterative Picard method. This procedure was carried out for mixtures characterized by functionalities f = 18, 24, 32 and size ratios = 0.1, 0.3, 0.5, covering a wide range in the density plane ͑ s , c ͒. For some combinations of parameters, we additionally performed standard NVT Monte Carlo simulations as a check for the results from the OZ-RY calculations.
B. Binodal lines
Based on the structural information obtained by solving the OZ-RY equations, we can access in principle the complete information concerning the thermodynamics of the system. In particular, in order to determine the binodal lines, it suffices to consider the concentration structure factor S con ͑k͒, which is defined as [28] [29] [30] [31] 
with x = c / ͑ s + c ͒ the partial concentration of chains. With this definition, the link between the structural information and the thermodynamics of the system is provided by the sum rule
where g͑x , P , T͒ = G͑x , N , P , T͒ / N is the Gibbs free energy per particle and P denotes the pressure of the mixture. 28 Once S con ͑k͒ is known as a function of x for constant pressure and temperature, the Gibbs free energy can be calculated by integrating Eq. ͑8͒ twice, as described in Refs. 30 and 31. If g͑x , P , T͒ has concave parts as a function of x for some x region, the mixture features a fluid-fluid demixing transition and the corresponding phase boundaries can be calculated by means of the Maxwell's common tangent construction, which guarantees that the partial chemical potentials of every component have the same value on both coexisting phases. As it is performed on an isobar, and for fixed temperature, the pressure and the temperature are also the same for both phases and therefore all conditions for phase equilibrium are fulfilled.
IV. RESULTS
A. Chain-modified effective star-star interaction
In order to gain a first insight into the effect of adding linear chains to a SP solution, we can carry out a second coarse-graining procedure and describe the mixture in first approximation as an effective one-component SP solution. Under this view, the stars are considered to interact not through V ss ͑r͒ given by Eq. ͑1͒ but through a new chainmodified effective potential V eff ͑r͒ in which the degrees of freedom of the chains have been traced out. By construction, this chain-modified interaction potential leaves the correlation functions g ss ͑r͒ and S ss ͑k͒ between the stars invariant.
One possibility to achieve this mapping is to use the inversion of the full, two-component solution for the radial distribution function in the limit of low star density. 27 Once the star-star radial correlation function g ss ͑r͒ is known by solving the OZ equations with the RY closure, the effective star-star potential can be estimated by means of ␤V eff ͑r͒ = − ln͓g ss ͑r; f,, s → 0, c ͔͒. ͑9͒
In Fig. 1 we show the results for the effective star-star potential from the inversion procedure for different values of f and . As can be seen, the increase in c reduces the range of repulsion and eventually yields to the rise up of an attractive well in V eff ͑r͒ as a consequence of a typical depletion mechanism when the stars are close enough. This effect is more pronounced as the functionality f or the size ratio increase and it becomes more difficult for chains to occupy the interstar space for a given r.
For all combinations of parameters considered, the effective potential V eff ͑r͒ remains repulsive at large star-star separations. This fact induces the appearance of a repulsive hump together with the attractive well at intermediate distance ͑r տ 2 s ͒ as a consequence of the interaction and correlations between the depletant particles; this effect is also present in highly asymmetric hard-sphere mixtures. 32 As can be seen in Fig. 1 , the height of the repulsive hump decreases by increasing f. This is a direct consequence of the functional form of the star-star interaction V ss ͑r͒, which decays faster at large distances as the functionality becomes larger, see Eq. ͑1͒. Some models of effective potentials featuring this welland-shoulder form have been used in order to explain the formation of finite, stable clusters in soft matter systems. [33] [34] [35] [36] [37] These structures can be built up due to the tendency of the attractive well to provoke particle aggregates whose size is thereafter limited by the repulsive barrier, preventing the growth of an infinite cluster. If such a barrier is rather low or narrow, the system would be driven to develop long-range fluctuations upon an increase in the chain concentration, and therefore a fluid-fluid demixing transition of the twocomponent mixture will be favored without a previous occurrence of clusters, as in colloid-polymer mixtures.
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B. Structure of the mixture
We can describe the structure of the binary mixture either by the three partial radial distribution functions g ij ͑r͒ in real space or by the three partial static structure factors S ij ͑k͒ in wavenumber space. In Fig. 2 we present the evolution of the partial radial distribution functions for dilute SP solutions of functionality f = 18 and chain-to-star size ratio = 0.5 upon the increase in the chain concentration.
Although for very small chain concentration g ss ͑r͒ has a relatively weak peak at r 0 ϳ s −1/3 , it rapidly develops a pronounced peak at smaller distance r c when c increases further. This is a first indication of clustering of stars, which are brought together by the attraction induced by the smaller chains since the distance r c is set by the minimum in the effective potential V eff ͑r͒. By further increase in chain density the depression in g ss ͑r͒ at distance 2.0Ͻ r / s Ͻ 2.5, which is directly connected to the repulsive hump in V eff ͑r͒, becomes less pronounced and eventually disappears. This effect can be explained because at high enough chain densities the strength of the repulsive hump goes down and it can no more limit the size of the cluster.
The previously described scenario can be further elucidated by considering the star-star structure factors S ss ͑k͒. In Fig. 3 we consider the structure factors for f = 18 and = 0.5. As can be seen, S ss ͑k͒ develops a double-peak structure with two peaks corresponding to two independent length scales. Whereas a particle peak shows from k s ϳ 4 at zero chain density up to k s ϳ 6 for a higher one, a cluster prepeak appears at smaller wavenumber k s ϳ 1.5, suggesting the formation of finite clusters. The size increase in such clusters as well as the increase in the intercluster separation are then indicated by the shifting of the position of the cluster prepeak to lower k values. At the same time, the value of S ss ͑k =0͒ increases, demonstrating that the system is ap- proaching the spinodal line, and therefore, for high enough chain density, the fluid-fluid demixing transition will take place. This fact is confirmed by looking at the behavior of the limit of long wavelength of the chain-chain structure factor S cc ͑k =0͒ as shown in the insets of Fig. 3 .
We have found a similar situation by decreasing the size ratio , as shown in Fig. 4͑a͒ for f = 18 and = 0.1. However, in this case the position of the cluster prepeak goes faster to k =0 as c increases and the Lifshitz line for S ss ͑k͒ ͑where the local minimum of the structure factor at k = 0 turns into a maximum͒ is reached. On the other hand, by increasing the star functionality, the cluster prepeak disappears and the system is driven directly to the demixing transition as c increases, as is shown in Fig. 4͑b͒ for f = 32 and = 0.5. In this way, we can state that the system at hand displays cluster formation as a precursor stage for the demixing transition for low enough functionality, f Շ 24. A more detailed description of this behavior is to be discussed below.
C. Demixing transition
According to the previous discussion, we have good evidence that a demixing transition takes place in the studied system for certain ranges of chain densities. We can give a quantitative description of this transition by determining the phase boundaries as explained in Sec. III B. The results for the demixing binodal lines in the ͑ s , c ͒ plane are presented in Fig. 5 for functionalities f = 18, 24, 32 and size ratios = 0.1, 0.3, 0.5. In addition to the coexistence lines ͑thick lines͒ we show a few tielines ͑thin lines͒ connecting the coexisting star-rich and star-poor phases. By taking into account the tielines we also present a rough estimate of the position of the critical points in the same figure.
As can be seen, for a given size ratio the binodal lines move toward lower star densities upon increasing the functionality f, meaning that the chains are more efficient depletants for "harder" stars. If we consider an extrapolation to mixtures in the limit f → 2, this trend is in agreement with the fact that in this limit, the critical point lies beyond the overlapping concentration of stars. 38 On the other hand, as increase for fixed f the coexistence lines shift to higher star densities which is similar to that found in colloid-polymer mixtures. 10 However, in the system at hand, such shift becomes smaller as a larger f is provided. This fact can be associated with the possibility to build up a finite cluster of stars at small enough functionality, which can stabilize the system to higher chain densities.
Before we discuss that point, it is worth taking a look at the validity of solving the OZ-RY equations for the system at hand. In order to carry out a comparison, a number of Monte Carlo simulations were performed for different combinations of densities, functionalities, and size ratios. Some comparisons were already presented in Fig. 2 concerning the evolution of the radial distribution functions at fixed star density s by increasing the chain density c . In Fig. 6 , a few representative comparisons for ͑ s , c ͒ pairs in the neighborhood of the binodal lines are shown for parameter combinations ͑f =32, = 0.1͒ and ͑f =18, = 0.5͒. It can be ascertained that the agreement of the two methods is quite good and, as the size asymmetry decreases, the discrepancies tend to disappear completely. Therefore, the OZ-RY method gives quite reliable results for the structural information, and consequently for the thermodynamics, of the system at hand, especially for low size asymmetry.
Concerning the stabilization of the mixture against the demixing transition by formation of finite clusters, whereby the emergence of a macrophase separation is precisely defined through the divergence of the structure factors S ij ͑k͒ at k = 0, cluster formation in a thermodynamically stable fluid is not associated with any accompanying phase transition. In this way, we have to resort to the evidence about the occurrence of a cluster in some ͑arbitrary͒ structural criteria. 15 As previously discussed, in the case at hand the existence of a cluster is indicated by identifying a prepeak in the star-star structure factor S ss ͑k͒. Following Ref. 37 , in which the fluid phase of double-Yukawa ͑attractive/repulsive͒ systems was studied, a cluster line transition can be defined by determining the necessary chain density to generate an inflection point in the structure factor S ss ͑k͒ from which the prepeak rises up. The cluster lines we have obtained by using this criterion are shown in Fig. 5 as dashed lines. Qualitatively speaking, we can consider the region between the dashed line and the binodal in Fig. 5 as a region of stability of the clusters. As can be seen in Fig. 5 , for a given the extension of the cluster region decreases as f increases, even vanishing at f = 32. As we mentioned above, in the frame of the effective star-star potential that effect is associated with the decrease in the range of the repulsive contribution to V eff ͑r͒ as f increases, rendering the repulsive hump narrower. On the other hand, for f Յ 24 the stability region increases for larger size ratio because the attractive well of V eff ͑r͒ becomes deeper as grows for a fixed number of chains, whereas the range of the attraction remains practically the same, as can be seen in Fig. 1 . Summarizing, for larger size ratio and lower functionality, the well-and-shoulder structure of V eff ͑r͒ appears to be well supported for a larger range of chain density, and therefore the cluster region gets wider.
The same phenomenology has been also described in one-component SP suspensions with additional Fermi-like attraction potential 15, 16 as well as for two-Yukawa systems 37 upon variations of the repulsion and attraction ranges and strengths. Given some adequate repulsive contribution, these systems sequentially reach the cluster line ͑as defined above͒ at first, then the Lifshitz line, and finally the spinodal line by increasing the attraction strength ͑see the other hand, by changing the parameters describing the repulsive contribution, the cluster line can be suppressed and the system can be directly driven to the phase separation. The case f = 18 and = 0.5 is particular compared to the other ones, as far as the width of stability of the cluster region is concerned, see Fig. 5 . For this parameter combination, the star-chain interaction is soft enough to allow the chains to occupy the interstar region as c is increased. This is corroborated by the increase in the star-chain radial correlation function g sc ͑r͒ around r Ӎ sc = ͑ s + c ͒ / 2 as the chain density grows, as can be seen in Fig. 2͑b͒ . This enhanced chain penetration to the star interior appears at the expense of a decrease in the chain number around the position of the peak of the star-star correlation function g ss ͑r͒ as Fig. 2͑a͒ shows; in other words, less chains remain in the region around the stars to osmotically compress them together. Although this effect is present for all the used funtionalities provided the size ratio is relatively large, = 0.5, it is much more pronounced for f = 18. For this functionality, it appears that a considerable fraction of the chains can be brought close enough to the stars, so that the regime where the cross interaction potential V sc ͑r͒ displays a logarithmic form is reached, see Eq. ͑3͒. In pure, dense SP solutions, the crossover of the interaction from a Yukawa to the logarithmic form causes the structure factor to show an anomalous behavior, and it also allows the system to remain fluid for large densities when f Շ 32. 39 Taking this into account together with the behavior of g ss ͑r͒ and g sc ͑r͒, we can conclude that, at high enough chain density, the fraction of the chains penetrating the star prevents the growth of the depletion attraction arising from the excluded chains, thus hindering the already formed clusters from further rapid aggregation and consequently slowing down the phase separation process. Finally, we emphasize a novel, unusual characteristic of our system, pertaining to the range of the chain-induced depletion attraction. For both binary hard-sphere mixtures and colloid-polymer mixtures, it is a well established fact that the range of the depletion interaction increases as the size ratio does. 32, 40 As briefly mentioned above, the attractive component of the chain-modified star-star effective interaction V eff ͑r͒ in the system at hand displays an unusual feature for depletion-like potentials, namely, its range is insensitive to the size of the depletant particles. In fact, this attractive component can be well described by a Fermi-like potential, 15, 16 whose length scales show a very weak dependence not only on the chain density c but also on the size ratio , whereas its strength grows rapidly with c . This unusual behavior can be attributed to the ultrasoft nature of the considered interactions and will be analyzed in detail elsewhere.
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V. CONCLUDING REMARKS
We studied the structural and phase properties of starand linear polymer mixtures by using a coarse-grained model for the interactions between the different species forming the system. We found evidence that addition of linear polymers to SP suspensions with small to intermediate functionality ͑f Յ 32͒ can lead to star cluster formation and, because the star-chain interaction is sufficiently repulsive, bring about regions of instability toward a fluid-fluid ͑demixing͒ transition. The calculated coexistence data are very encouraging with respect to experimental realization: The binodals lie well below the overlap concentrations of both stars and chains, where the effective pair potential picture should bring a valid description of the mixture. Since there is a region in the ͑ s , c ͒ plane where unstable clusters can be formed, which eventually aggregate, an increase in the characteristic forward scattering intensity and hydrodynamic radius 36 could be expected. The rate of increase as a function of the system parameters can be used to characterize and control the transition.
We have rationalized the phase behavior of the mixture by considering the chain-modified star-star effective interaction V eff ͑r͒, which features a short-range attraction and a large-range repulsive contributions. Since the strength of the attractive contribution to V eff ͑r͒ can be modified by changing the size ratio and the chain density c , and the range of the repulsive tail is fixed by f, this kind of mixtures is a very flexible and tunable system. In previous works, the attractive contribution to V eff ͑r͒ was considered to be a Fermi-like potential. 15, 16 Since it is possible to relate the parameters characterizing that potential to physical parameters f, , and c , the star-chain mixtures open a door to the experimental verification of the predicted equilibrium and dynamical behavior of such systems, 15, 16 as well as to its critical properties. 42 Future directions should focus on the internal structure of the clusters, the dynamics of the mixture, as well as the regime of high star densities, for which the Fermi-like model for attraction predicts crystal structures, which are not supported by the ultrasoft repulsion alone for low functionality. In this respect, a more quantitative understanding of the unusual properties of the depletion-like potential due to the chains will be necessary. On the other hand, the intermediate-functionality regime ͑32Շ f Շ 50͒ can be considered in order to study the effect of the chain polymers on the re-entrant melting featured in one-component systems. 14 
